We report the cloning and functional characterization of an endo-β-1,3-glucanase from the pinewood nematode Bursaphelenchus xylophilus acquired by horizontal gene transfer from bacteria. This is the first gene of this type from any nematode species. We show that a similar cDNA is also present in another closely related species B. mucronatus, but that similar sequences are not present in any other nematode studied to date. The B. xylophilus gene is expressed solely in the oesophageal gland cells of the nematode and the protein is present in the nematode's secretions. The deduced amino acid sequence of the gene is very similar to glycosyl hydrolase family 16 proteins. The recombinant protein, expressed in Escherichia coli, preferentially hydrolysed the β-1,3-glucan laminarin, and had very low levels of activity on β-1,3-1,4-glucan, lichenan and barley β-glucan. Laminarin was degraded in an endoglucanase mode by the enzyme. The optimal temperature and pH for activity of the recombinant enzyme were 65
INTRODUCTION
β-1,3-Glucanases are widely distributed among bacteria, fungi and higher plants. They are classified into two groups: exo-β-1,3-glucanase (EC 3.2.1.58) and endo-β-1,3-glucanases (EC 3.2.1.6 and EC 3.2.1.39). β-1,3-Glucanases catalyse the hydrolysis of β-1,3-D-glucosidic linkages in β-1,3-D-glucan. This polymer is a major component of fungal cell walls and a major structural and storage polysaccharide (in the form of laminarin) in marine macroalgae [1] . The physiological functions of β-1,3-glucanases are distinct and depend on their source. In plants, the enzymes are considered to be involved in cell differentiation and defence against pathogenic fungi [2] . In bacteria, the enzymes are released to break down fungal cell walls to allow them to be used as a food source [3] . In fungi, β-1,3-glucanases may play roles in development and differentiation, β-glucan mobilization and interactions of plant pathogenic fungi with their hosts [4] . Although they have the same hydrolytic activity, the bacterial enzymes are classified into GHF16 (glycosyl hydrolase family 16), whereas most plant and fungal enzymes are grouped into GHF17, on the basis of differences in their amino acid sequences [5] .
In the animal kingdom, functionally characterized β-1,3-glucanases are restricted to marine invertebrates. Genes encoding β-1,3-glucanases have been cloned from the purple sea urchin (Strongylocentrotus purpuratus) [6] and the bivalve mollusc Spisula sachalinensis (Sakhalin surf-clam) [7] . They are classified in GHF16 and thought to be involved in the digestion of algal food. In addition, many β-1,3-glucanase-like proteins have been isolated, and the encoding genes cloned, from insects [8] [9] [10] [11] [12] and other invertebrates [13] [14] [15] [16] . Although these sequences contain regions that are very similar to the activation region of GHF16 β-1,3-glucanases, they have not been shown to exhibit glucanase activity. These proteins bind specifically to β-1,3-glucan, which is found in the cell surface of microbes, but is absent from the host, and they have been shown to play a role in the innate immune system by recognizing foreign material. For example, Manduca sexta (tobacco hornworm) β-1,3-glucan recognition protein [10] , crayfish (Pacifastacus leniusculus) lipopolysaccharide-and β-1,3-glucan binding protein [15] and earthworm (Eisenia foetida) coelomic cytolytic factor-1 [14] have been shown to mediate activation of the prophenol oxidase activating system, which is supposed to be a recognition and defence system in many invertebrates [17] .
Bursaphelenchus is a large group of nematodes that has a worldwide distribution. Most Bursaphelenchus species are solely fungal feeders and all species rely on fungi as a food source at some stage of their life cycle. Many Bursaphelenchus species feed on fungi colonizing dead trees. Bursaphelenchus xylophilus and a few other pathogenic species described to date are unique in their capacity to feed on live trees as well as feed on fungi. In the B. xylophilus pathogenic life cycle, the nematode is transmitted from trees killed by pine wilt to healthy pines by vector beetles. Once the nematodes enter the tree, they feed on plant cells in the tree, leading to disruption of pine tissues and lethal wilt. As the pine wilts and dies, the nematodes begin to feed on fungi that invade the dying tree. This pine wilt disease is the most serious forest disease in Japan and East Asia. Many Bursaphelenchus species, including B. xylophilus, therefore have a close association with fungi. Since β-1,3-glucan is the main structural component of fungal cell walls, it seems probable that β-1,3-glucanases may play an important role in the life cycle of these nematodes.
Plant-cell-wall-degrading enzymes produced by animals have been extensively studied in a variety of plant parasitic cyst and root-knot nematodes, including Heterodera, Globodera and Meloidogyne species. Several genes encoding cell-wall-degrading enzymes, such as cellulase (endo-β-1,4-glucanase) [18, 19] , pectate lyase [20, 21] and polygalacturonase [22] have been identified in these species. These enzymes are produced within the oesophageal gland cells of the nematodes and are secreted through the nematode stylet into host tissues. Intriguingly, these genes appear to have been acquired by horizontal gene transfer from bacteria. These studies form part of an increasing body of literature on the molecular basis of plant-nematode interactions. Significant progress has been made in understanding the nature of the molecules produced by nematodes that allow them to parasitize plants (reviewed in [23, 24] ) and on the changes that are induced in the hosts as a result of nematode infection [25] . Most of this work has been performed on tylenchid (cyst-forming and root-knot nematodes) and, in contrast, little is known about the molecular basis of host-parasite interactions in Bursaphelenchus species.
In a previous study we identified and functionally characterized a family of cellulase (endo-β-1,4-glucanase) genes from B. xylophilus and showed that these genes were probably acquired by horizontal gene transfer, not from bacteria but from fungi [26] . It was suggested that these genes were acquired from fungi on which ancestors of the current nematode species fed. These cellulases may have a role in the parasitic process. In the present study, we present the cloning and biochemical characterization of the first nematode β-1,3-glucanase genes, identified from B. xylophilus and B. mucronatus during an EST (expressed sequence tag) project. The B. xylophilus gene is expressed in oesophageal gland cells and, like the previously characterized cellulases, the enzyme is secreted from the nematode stylet. However, in contrast with the cellulases, the glucanase is most similar to bacterial enzymes. The present study represents the first identification of this class of enzymes from any nematode species and includes a detailed analysis of the biochemical properties of the recombinant protein.
EXPERIMENTAL

Biological material
B. xylophilus (Ka-4 isolate) was cultured on the fungus Botrytis cinerea grown on autocleaved barley grains as described previously [26] . Nematodes for experiments were separated from B. cinerea hyphae on a Baermann funnel for 2 h at 25
• C. The nematodes were then washed five times in M9 buffer (42.3 mM Na 2 HPO 4 /22 mM KH 2 PO 4 /85.6 mM NaCl/1 mM MgSO 4 , pH 7.0) with centrifugation at 700 g for 2 min to remove any remaining B. cinerea mycelium.
Isolation of cDNA and gDNA (genomic DNA) clones A cDNA library was constructed using mRNA derived from mixed-stage B. xylophilus that were vigorously growing on B. cinerea at 25
• C. The β-1,3-glucanase gene was identified during an EST project performed using this library (T. Kikuchi, unpublished work). One full-length cDNA (clone 03BK1-02-C05) encoding a β-1,3-glucanase, designated Bx-lam16A (see the Results section below) was identified during BLAST analysis of sequences generated in this project. The plasmid clone from which the sequence was obtained was identified and re-sequenced in both directions to obtain full-length cDNA sequences.
The Bx-lam16A genomic coding region was obtained by PCR amplification from B. xylophilus genomic DNA, using a genespecific primer flanking each ORF (open reading frame). PCR products were cloned using the pGEM-T Easy vector (Promega, Chilworth, Southampton, U.K.) and sequenced.
Genomic Southern hybridization
A probe specific to Bx-lam16A was made by PCR amplification of the full-length cDNA from the original plasmid with primers b13-0s (5 -ATGAGAGTTGTCATTGCC-3 ) and b13-0a (5 -CA-CCGAAAACTACAACGT-3 ). This probe was used in Southern hybridizations of B. xylophilus and B. cinerea genomic DNA as described in [26] .
Expression and purification of recombinant protein
The Bx-lam16A coding region without the putative signal sequence was amplified by PCR from the original plasmid using the primers bl3-1s (5 -GGAGTCATTTGGCAAGAGGAC-3 ) and bl3-0a. The resulting PCR product was ligated directly into the pQE-30UA vector (Qiagen, Crawley, West Sussex, U.K.) and then transformed into Escherichia coli M15[pREP4] (Qiagen). Plasmids with the insert in the correct reading frame and which showed no sequence changes during the PCR process were selected after sequencing of the plasmid clones. Recombinant E. coli containing these constructs were grown at 25
• C in 500 ml of Luria-Bertani medium containing 100 µg/ml ampicillin and 25 µg/ml kanamycin until a D 600 (attenuance) of 0.5 was reached. IPTG (isopropyl β-D-thiogalactoside) was added to a final concentration of 0.1 mM and incubation was continued for a further 10 h. The cells were harvested by centrifugation at 9000 g for 15 min and resuspended in 1 ml of lysis buffer (50 mM NaH 2 PO 4 / 300 mM NaCl/10 mM imidazole, pH 8.0). The cells were sonicated twice for 1 min and cell debris was removed by centrifugation. The enzymes were purified from the supernatant using HisTrap HP in accordance with the manufacturer's instructions (Amersham Biosciences).
SDS/PAGE and Western-blot analysis
An antiserum was raised against BxLAM16A by injecting recombinant protein purified from E. coli into rabbits. For SDS/PAGE analysis, protein samples were prepared by boiling it for 5 min in an equal volume of 2 × sample buffer [100 mM Tris (pH 6.8)/12 % (v/v) 2-mercaptoethanol/4 % SDS/20 % (v/v) glycerol/0.01 % Bromophenol Blue) and run on 12 % (w/v) polyacrylamide gels prepared using standard methods. Proteins within the gels were either stained with Coomassie Blue or transferred on to PVDF membrane for Western-blot analysis. Membranes were blocked with 1 % (w/v) blocking reagent (Roche, Lewes, East Sussex, U.K.) and 1 % (v/v) normal goat serum in PBS with 0.2 % Tween 20 for 16 h at 23
• C. Blots were then immunolabelled for 3 h at 23
• C with the antiserum against BxLAM16A diluted 1:1000 in PBS containing 0.2 % Tween 20. Bound antiserum was detected with alkaline phosphatase-conjugated secondary antibodies and Nitro Blue Tetrazolium/5-bromo-4-chloroindol-3-yl phosphate colour reaction.
Total homogenate and secretions from B. xylophilus were prepared for Western-blot analysis as described previously [26] , except that 0.1 % laminarin was added to the M9 buffer.
Enzyme assays
Assays were performed in a reaction mixture containing 50 µl of 0.5 % (w/v) laminarin (Sigma) (or other substrates where appropriate), 40 µl of citrate/phosphate buffer (0.1 M citric acid/0.2 M Na 2 HPO 4 , pH 4.9) and 10 µl of appropriately diluted enzyme solution. The pH value of the citrate/phosphate buffer was confirmed at room temperature (23 • C). After incubation at 40
• C for 10 min, the reducing power released was measured by the p-hydroxybenzoic acid hydrazide method [27] , using D-glucose as the standard. One unit of β-glucanase activity was defined as the amount of the enzyme liberating 1 µmol of reducing sugar/min. Xyloglucan endotransferase activity was measured by the procedure of Nishitani and Tominaga [28] , using 2-aminobenzamidelabelled xyloglucan oligomer [29] as an acceptor and tamarind (Tamarindus indica) xyloglucan as a donor molecule. A mixture of 11 nmol of a fluorescence labelled acceptor molecule and 250 µg of unlabelled high-M r polymer was incubated with the enzyme preparation in 100 µl of 0.4 × citrate/phosphate buffer, pH 4.9, at 40
• C for 10 min. The reaction product was chromatographed on Superdex 75HR (Amersham Biosciences) and detected by refractometry and fluorimetry. Protein concentrations were determined by the method of Lowry using the DC Protein Assay system (Bio-Rad Laboratories, Hemel Hempstead, Herts., U.K.), with BSA as the standard.
The substrates laminarin [from Laminaria digitata (fingered kelp)], pustulan [from Umbilicaria papulosa (toadskin lichen)] and carboxymethylcellulose were obtained from Nakalai Tesque (Kyoto, Japan) and glycol chitin from Seikagaku (Chuo-Ku, Tokyo, Japan). Lichenan [from the lichen Cetraria islandica (Iceland moss)], β-D-glucan [from barley (Hordeum vulgare) and baker's yeast (Saccharomyces cerevisiae)] and κ-carrageenan (from the red alga Eucheuma cottonii) were obtained from Sigma, whereas xylan [from birchwood (Betula alba)] was obtained from Fluka (Gillingham, Dorset, U.K.). Agarose was obtained from Wako (Tokyo, Japan) and tamarind xyloglucan (Glyloid 6c) was from Dainippon Pharmaceutical (Osaka, Japan). 2-Aminobenzamide-labelled xyloglucan oligomer was kindly provided by Dr Tadashi Ishii of the Forestry and Forest Products Research Institute.
Detection of hydrolytic products
The hydrolytic products of laminarin were determined by HPLC. Laminarin (0.25 %, w/v) was digested in 0.4 × citrate/phosphate buffer (pH 4.9) at 40
• C for various time intervals. The reaction was stopped by incubating at 98
• C for 5 min. The hydrolysis products were separated at 60
• C in water using tandem-connected SUGAR KS-802 columns fitted with a guard column (SUGAR KS-G; Shodex, Kawasaki, Kanagawa, Japan) and detected by refractometry.
Temperature and pH optima, and thermal stability
The optimum temperature was determined by running the standard assay at temperatures from 30 to 80
• C. The optimum pH of the enzyme was determined by running the standard assay at 40
• C using citrate/phosphate and 0.1 M KH 2 PO 4 /0.05 M Na 2 B 4 O 7 buffers for pH ranges 3.0-7.4 and 6.4-8.9 respectively. Thermal stability was determined using diluted enzyme (0.65 mg/ml of purified enzyme was diluted 100 times in 0.4 × citrate/phosphate buffer, pH 4.9), incubated at various temperatures for 60 min, with the residual activity determined using the standard assay at 40
• C.
In situ hybridization and immunolocalization
In situ hybridizations were performed as described previously [30] . Nematode sections were hybridized with digoxigeninlabelled sense or antisense probes generated using the b13-0s and b13-0a primers shown above. Specimens were examined with differential interference contrast microscopy.
Immunofluorescence labelling of B. xylophilus with antisera against BxLAM16A was performed essentially as described previously [31] . Rabbit antisera raised against BxLAM16A were diluted 1:100 in PBS containing 0.2 % Tween 20 and 1 % blocking reagent (Roche). The primary antiserum was detected using goat anti-rabbit antibodies conjugated to Alexa 488 (Molecular Probes) used at a final dilution of 1:500. Labelled nematodes were examined with a Nikon fluorescence microscope.
Phylogenetic analysis
The deduced amino acid sequence of B. xylophilus and B. mucronatus β-1,3-glucanases were compared with the sequences of GHF16 β-1,3-glucanases and β-1,3-glucanase-like proteins from bacteria, fungi and animals in a phylogenetic analysis. Protein sequences were aligned with Clustal X version 1.81 [32] , using Blosum 30 as the protein weight matrix. Several values for both gap-opening and gap-extension penalties were tested, and a combination of 6 and 1 for these factors was finally adopted, as this gave rise to an alignment in which the conserved domains were aligned most accurately with few gaps. Minor corrections were then performed manually on the alignment based on the crystal structure of the endo-β-1,3-1,4-glucanases from Bacillus licheniformis and B. macerans [33, 34] . Tentative phylogenetic trees for the alignment were calculated with neighbour joining and maximum parsimony methods using PAUP* v. 4.0b10 [35] . The tree topologies thus obtained were subjected to maximum likelihood) analysis using PROTML in the MOLPHY v.2.3b3 package [36] with the local rearrangement and the JTT-F options of amino acid substitution model. Local bootstrap probability was estimated using the resampling of estimated log-likelihood (RELL) method with the best tree.
RESULTS
Isolation of B. xylophilus β-1,3-glucanase gene
During an EST project performed on a B. xylophilus cDNA library, a clone with similarity to β-1,3-glucanases was identified. This cDNA was designated Bx-lam16A and the predicted protein BxLAM16A, in accordance with the terminology suggested in [37] . The putative full-length Bx-lam16A cDNA comprises 803 bp containing an ORF of 753 bp that ended with a TAA stop codon. The cDNA contained a 46 bp 3 -untranslated region, which contained a polyadenylation signal (AATAAA) 15 nt upstream of the poly(A) tail. This spacing is similar to that seen for many Caenorhabditis elegans genes. The predicted amino acid sequence includes a hydrophobic signal peptide, which is predicted by the SignalP program [38] to be cleaved between Ala 15 and Gly 16 , giving rise to a mature peptide with a predicted molecular mass of 26441.73 Da and a predicted pI of 4.7.
A similarity search based on the BLASTP program showed that the deduced amino acid sequence BxLAM16A was most similar to GHF16 β-1,3-glucanases from bacteria. BxLAM16A shared 49-43 % identity with β-1,3-glucanases from Xanthomonas campestris (cabbage-black-rot bacterium), X. axonopodis and Pseudomonas sp. Multiple alignments of the deduced amino acid sequence encoded by Bx-lam16A and other β-1,3-glucanases showed that conserved residues of the GHF16 glucanases were present in BxLAM16A (Figure 1) . A cDNA that could encode a similar protein was found amongst ESTs generated from a related, but solely fungal feeding species, B. mucronatus. This cDNA, designated Bm-lam16A, encodes a product of 217 amino acid residues exhibiting 73 % identity with BxLAM16A (Figure 1) . The signal peptides of the Bursaphelenchus-predicted proteins had features as expected from eukaryotic signal peptides (a short hydrophobic region followed by a predicted cleavage site) rather than those of bacterial signals for secretion [38] . The Bursaphelenchus signal peptides are short (16 amino acids for BxLAM16A) whereas prokaryotic sequences tend to be longer. In addition, the sequence immediately following the peptide cleavage site does not contain alanine, aspartic or glutamic, serine or threonine residues. Such residues are usually present within five amino acids of the cleavage site of prokaryotic signal peptides. However, the BxLAM16A signal peptide does contain alanine residues at positions − 1 and − 3 relative to the predicted cleavage site, a feature almost always seen in prokaryotic signal peptides, although this character cannot be considered to be diagnostic.
Endogenous origin of the B. xylophilus β-1,3-glucanase
Analysis of genomic DNA was performed to confirm the nematode origin of Bx-lam16A. A Southern blot containing genomic DNA from B. xylophilus, and from the fungus on which the nematodes were reared (B. cinerea), as a negative control, was made and hybridized with a DNA probe generated from the Bxlam16A cDNA. The probe hybridized specifically to fragments in both the EcoRI and HindIII digests of B. xylophilus DNA (Figure 2) . No signal was obtained from B. cinerea genomic DNA. In addition, the entire coding region of the Bx-lam16A gene was amplified from B. xylophilus gDNA, and the resulting PCR product was cloned and sequenced. Analysis of this sequence showed that it was exactly the same as the cDNA sequence, except that one intron was present at the site indicated in Figure 1 . This intron is 401 bp in length, is bordered by canonical cis-splicing sequences and is adenine/thymine-rich (59.7 %). This sequence, and the band pattern observed on the Southern blot, suggested that the β-1,3-glucanase is present as a small gene family in B. xylophilus, since no EcoRI or HindIII recognition sites are present in the sequenced region of the gene recognized by the probe. Southern blotting of B. mucronatus genomic DNA suggested that a gene family of size similar to that in B. xylophilus is present in B. mucronatus (results not shown).
Expression and purification of recombinant BxLAM16A
The BxLAM16A coding region without the putative signal sequence was amplified by PCR from the original plasmid, cloned Genomic DNA from B. xylophilus (N) and B. cinerea (F) were digested with EcoRI (lanes 1 and 3) or HindIII (lanes 2 and 4). The blot was hybridized with a probe generated from Bx-lam16A cDNA. into the expression vector and then expressed in E. coli as a polyhistidine-tagged fusion protein. The resulting recombinant protein had the expected molecular mass of 29 kDa, corresponding to 26.5 kDa from the Bx-lam16A ORF and 2.5 kDa encoded by the expression vector from the translational start codon to the cloning site, including a His 6 tag. The recombinant protein was then purified using metal-affinity column chromatography to electrophoretic homogeneity ( Figure 3A) .
BxLAM16A was detected in nematode homogenate and secretions by Western-blot analysis using antisera raised against recombinant BxLAM16A ( Figure 3B ). The product of nematode appeared to be slightly smaller than that expressed in E. coli, which is in agreement with the expected sizes of these proteins. No signal was detected in crude cell extracts of B. cinerea on which the nematodes were reared or when the preimmune serum was used to probe Western blots (results not shown).
Biochemical analysis of recombinant BxLAM16A
The activities of purified recombinant BxLAM16A with various substrates are summarized in Table 1 ). The mode of action of this enzyme was then examined by analysing the hydrolysis products by HPLC (Figure 4) . Laminarin was immediately oligomerized and products larger than laminaribiose appeared. After prolonged incubation, the oligosaccharides gradually degraded into laminaribiose and glucose. These results confirm that BxLAM16A is an endo-β-1,3-glucanase (EC 3.2.1.39). The laminarinase enzyme activity was investigated at different pH values and temperatures ( Figure 5 ). The optimum pH was found to be 4.9 and the enzyme retained 90 % of its activity The enzyme (6.5 µg/ml) was incubated for 60 min at each temperature in citrate/phosphate buffer, pH 4.9. After the incubation, residual activity was measured at 40 • C. between pH 4.5 and 5.8 ( Figure 5A ). There was a sharp decrease in activity below pH 4 and a gradual decrease in activity at increasingly alkaline pH values. The temperature at which maximum activity was observed was 65
• C ( Figure 5B ). Thermal stability was investigated by incubating the purified BxLAM16A at various temperatures for 60 min ( Figure 6 ). Although the enzyme retained almost all of its activity at 10
• C, the residual activities of the enzyme gradually decreased as the incubation temperature increased.
Expression site and protein localization
To determine which nematode tissues express Bx-lam16A, in situ mRNA hybridization was performed. Digoxigenin-labelled antisense probes generated from Bx-lam16A, specifically hybridized with transcripts in the oesophageal gland cells of B. xylophilus ( Figure 7A ). No hybridization was observed in B. xylophilus with the control sense cDNA probes ( Figure 7B ). Hybridization signals were detected in female, male and propagative larvae of B. xylophilus. We could not determine precisely which gland cell or cells were the sites of Bx-lam16A expression. This is because it is difficult to distinguish each gland cell, as the three oesophageal gland cells of B. xylophilus are dorsally overlapping and all connect to similar positions in the large median oesophageal bulb [39] .
Immunolocalization studies with antibodies raised against the recombinant BxLAM16A showed that the protein was present in the oesophageal glands of the nematodes (Figures 7C and 7D ). No such binding was observed when using preimmune serum in place of the antiserum (results not shown).
Phylogenetic analysis
A phylogenetic tree generated using maximum likelihood analysis from an alignment of the BxLAM16A and BmLAM16A deduced proteins with selected GHF 16 proteins from bacteria, fungi and animals is shown in Figure 8 . Analysis using neighbour-joining method generated trees with similar topology. This analysis showed that the BxLAM16A and BmLAM16A sequences are more closely related to bacterial sequences compared with animal sequences.
DISCUSSION
In the present paper, we describe the first β-1,3-glucanase gene from any nematode and confirmed its nematode origin.
The presence of a hydrophobic N-terminal sequence (signal peptide) in the deduced amino acid sequence of Bx-lam16A and its mRNA expression and protein localization in the oesophageal glands suggest that BxLAM16A is secreted from the stylet of the nematode. Western-blot analysis using nematode secretions supports this. Although B. xylophilus is a pathogen of trees, it can complete its life cycle feeding solely on fungi, including Botrytis, Alternaria and blue stain fungi such as Ophiostoma. β-1,3-Glucan is the main structural component of the cell walls of these fungi. It is probable therefore that BxLAM16A is secreted from the nematode stylet and weakens fungal cell walls to allow the nematode to feed more easily. Further evidence that the enzyme plays a role in fungal feeding rather than in parasitism of plants comes from the fact that a similar cDNA was identified in ESTs from a related nematode species, B. mucronatus, that feeds exclusively on fungi.
Other functions for the protein may be possible. β-1,3-Glucanase-like proteins, as well as lipopolysaccharide-binding proteins and peptidoglycan-binding proteins, have been suggested to play a role in invertebrate innate immunity by acting as patternrecognition receptors [17] . They bind to β-1,3-glucan present in the cell surface of bacteria and fungi, triggering the activation of prophenol oxidase cascade, which results in the formation of cytotoxic and antimicrobial compounds and thus represents an important defence mechanism in a variety of invertebrates [17] . In recent years, C. elegans has begun to be used to study host-pathogen interactions and now is recognized as a powerful model system to study innate immunity [40] . However, many details, especially regarding pathogen recognition, are poorly understood and warrant further investigation [40] . Although no sequence similar to β-1,3-glucanase is present in C. elegans genome and it is unclear whether B. xylophilus β-1,3-glucanase has a role in the nematode immune system, the presence of the β-1,3-glucanase in at least one nematode species may help to understand the mechanism and evolution of nematode innate immune systems as proteins that play a role in microbe recognition in C. elegans become identified.
The biochemical properties of BxLAM16A were similar to those of bacterial β-1,3-glucanases from GHF16. BxLAM16A efficiently hydrolysed β-1,3-glucans and to a lesser degree lichenan. Similar substrate preferences have been found in bacterial β-1,3-glucanases, including those from Streptomyces sioyaensis [1] , Thermotoga neapolitana [41] and Cellvibrio mixtus [42] . The optimum temperature of BxLAM16A is 65
• C and its optimum activity was observed at pH 4.9. Many bacterial β-1,3-glucanases show optimal activities between pH 4.0 and 6.0. BxLAM16A seems to be particularly active at temperatures that are much higher than those found in the normal environmental conditions that the nematodes would encounter. This is also the case for several non-thermophilic bacterial hydrolases including those from B. circulans [43] and S. sioyaensis [1] . Although the optimum temperature of BxLAM16A was high (65 • C), BxLAM16A was heat-labile, since the enzyme retained only 20 % of its activity after incubation for 1 h at 60
• C. This might indicate that laminarin in the reaction solution contributes to the stabilization of the enzyme.
Many β-1,3-glucanases and β-1,3-glucanase-like proteins from a variety of invertebrates are present in GHF16 [5] (http:// afmb.cnrs-mrs.fr/CAZY/). Phylogenetic analysis showed that these animal proteins were clustered in one clade with the exception of one protein, coagulation factor G, from the Japanese horseshoe crab (Tachypleus tridentatus). BxLAM16A was clustered together with glucanases from bacteria and this was supported by high bootstrap values, indicating that B. xylophilus β-1,3-glucanase is more closely related to those from bacteria than similar proteins from eukaryotes. In addition, no nematode sequences similar to the Bx-lam16A sequence described here are present in any publicly accessible database, despite the fact that genome sequences for C. elegans and C. briggsae and over 200 000 EST sequences from other nematodes from across the phylum are now available [44] . It is therefore probable that the B. xylophilus endo-β-1,3-glucanase described in the present study was acquired by horizontal gene transfer from bacteria.
In plant parasitic cyst and root-knot nematode, a variety of genes considered to be involved in host-parasite interactions, including plant cell wall degrading enzymes [18] [19] [20] [21] [22] and chorismate mutase [45, 46] are supposed to have been acquired by horizontal gene transfer from bacteria. It has been suggested that these transfers occurred from bacteria closely associated with an ancestor of these plant parasitic cyst and root-knot nematodes [47, 48] . In a previous study, we suggested that cellulase (endo-β-1,4-glucanase) genes of B. xylophilus were acquired by horizontal gene transfer from fungi due to a close association of the ancestor of B. xylophilus with fungi rather than with bacteria [26] . The findings of this study support the independent horizontal-gene-transfer hypothesis that suggests that horizontal gene transfer has occurred on several independent occasions within the Nematoda and that it has been an important factor in the evolution of the ability to parasitize plants on each occasion. The results presented here suggest that similar horizontal-gene-transfer processes have enhanced the ability of a group of nematodes (Bursaphelenchus spp.) to feed on fungi. It is possible that these nematodes acquired β-1,3-glucanase genes from bacteria to obtain a fungal feeding ability, and a subgroup subsequently acquired cellulase genes from fungi, which permitted them to parasitize plants.
There are now a number of documented horizontal-gene-transfer events from both prokaryotes and eukaryotes to nematodes. At least three horizontal-gene-transfer events have occurred within tylenchid plant parasitic nematodes [48] and the present results show that at least two events have occurred within the Bursaphelenchus group. In addition, a large-scale analysis of the complete C. elegans genome sequence suggested that four alcohol dehydrogenase encoding genes were present in C. elegans and a closely related nematode that had been acquired by horizontal gene transfer from fungi [49] . Fewer studies have been performed on horizontal gene transfer in other phylogenetic groups, but there have been occasional reports of cell-wall-degrading enzymes in other invertebrates (e.g. [50] ). As the number of genome sequencing and EST projects has increased, it has become clear that horizontal gene transfer to eukaryotes is a more widespread phenomenon than was thought previously. It is also clear that, on a limited number of occasions, it has allowed organisms to exploit niches that may have previously been unavailable to them.
It is intriguing to note that the genomic sequence of Bx-lam16A shows some features that are similar to some cyst and root-knot nematode genes acquired by horizontal gene transfer from bacteria. This is in spite of the fact that these genes were acquired independently and, presumably, from different sources. Whereas most nematode introns are small (the majority of C. elegans introns being less than 60 bp) the single intron in the Bx-lam16A gene is considerably larger at 401 bp. Some of the introns in plant parasitic-cyst-and root-knot-nematode genes considered to be acquired by horizontal gene transfer from bacteria are also considerably longer than standard nematode introns. In addition, although it is probable that the bacterial proteins would have been secreted and would therefore have had bacterial signal peptides at their N-termini, the signal peptides of the proteins reported in the present study and those encoded by other nematode genes acquired by horizontal gene transfer have the features of typical eukaryotic signal peptides. This may suggest that similar mechanisms have been used to modify these horizontally acquired genes on several occasions.
